Novel (TiB+TiC+Nd 2 O 3 )/Ti-alloy composites were in situ synthesized utilizing the reaction between Ti, B 4 C, Nd and B 2 O 3 through homogeneously melting in a non-consumable vacuum arc remelting furnace. There were three kinds of reinforcements in the matrix: nearequiaxed TiC particles, TiB whiskers and plates and Nd 2 O 3 particles. The reinforcements were homogeneously distributed in the matrix. Tensile properties of the (TiB+TiC+Nd 2 O 3 )/Ti-alloy composites were tested with strain rate 10 À2 S À1 at 873, 923 and 973 K. The results showed that the incorporation of in situ synthesized reinforcements significantly increased the strength of the composites at elevated temperature. With the temperature increasing, the improvement on tensile strength decreases. The improvement on strength mainly attributes to load undertaking of reinforcements and dispersion strengthening of nano-sized Nd 2 O 3 particles.
Introduction
Discontinuous-reinforced titanium matrix composites (TMCs) have been widely used because of their high specific strength, high specific modulus, heat resistance, isotropic properties and so on. With the developing of science and technology, requirements on their properties are becoming more and more strict, particularly on their combination properties at high temperature. For application at elevated temperature, titanium matrix composites are expected to possess highest possible specific strength and specific modulus as well as good oxidation resistant ability and high thermal stability etc. To achieve such a good combination property, multiple-reinforced titanium matrix composites will be the certain choice. Owning to the interactions between multiple reinforcements with different features, shapes and sizes, multiple-reinforced titanium matrix composites may possess new performance and unique combination properties which are difficult for conventional unitary or binary ceramic particles reinforced titanium matrix composites.
Heretofore, reinforcements generally used to reinforce titanium alloys include SiC, TiC, Al 2 O 3 , TiB and TiB 2 . According to the literature, extensive works have been conducted on the unitary or binary ceramic particulates reinforced TMCs such as TiB/Ti or (TiC+Al 2 O 3 )/Ti, but few is concerning multiple particulates reinforced TMCs. 1) TiB and TiC have been considered as two best reinforcements in in situ synthesized titanium matrix composites because of their low density, high modulus and similar thermal expansion coefficient with titanium. [2] [3] [4] [5] Furthermore, addition of rare earth element in titanium alloys was found increase their thermal stability and oxidation resistance, reduce the impurities, refine the grains and so on. 6, 7) Rare earth elements added in titanium alloys have been found to be easy to react with the oxygen in the titanium alloys leading to the formation of rare earth oxides (Re 2 O 3 ) which are hard and thermal stable ceramic particles and have good interfacial bonding with the titanium. [8] [9] [10] Thus, titanium matrix composites reinforced with multiple TiC, TiB and Nd 2 O 3 particles are promising to obtain excellent combination properties at elevated temperature.
Interfacial bonding as well as the reinforcements plays an important role in titanium matrix composites. Recently, several in situ technologies have been developed in synthesizing discontinuous-reinforced titanium matrix composites in order to avoid interfacial contamination and get fine interfacial bonding, such as self-propagation high-temperature synthesis (SHS), 11, 12) powder metallurgy (PM), 13, 14) rapid solidification processing (RSP), 15, 16) mechanical alloying (MA) 17, 18) and ingot metallurgy technique (IM). [19] [20] [21] [22] But these in situ technologies all need specific equipments. In our research, multiple reinforced titanium matrix composites can be in situ synthesized utilizing the equipments and processing route for producing titanium alloys with only adding some reactants in the raw materials and adjusting some of the processing parameters, which is beneficial to decrease the cost of titanium matrix composites.
In this paper, titanium matrix composites reinforced with TiB, TiC and Nd 2 O 3 were in situ synthesized utilizing the reaction between Ti, B 4 C, Nd and B 2 O 3 through homogeneously melting in a non-consumable vacuum arc remelting furnace. The in situ reaction was designed as following:
The thermodynamics of in situ synthesis reaction was calculated. In the composites, the phases were identified, the microstructure was examined, the high-temperature tensile properties were studied and the strengthen mechanism was discussed.
Experimental Procedure
In synthesizing (TiB+TiC+Nd 2 O 3 )/Ti-alloy composites, the raw materials were grade II sponge titanium, Nd metal (>99%), B 4 C powder (>99%), B 2 O 3 powder (>99%) and other alloying elements such as Al, Zr, Al-Mo, Al-Nb, Ti-Sn and Si. The weight percentage of reactants and theoretical volume percentage of products were listed in Table 1 .
Stoichiometric amounts of sponge titanium, Nd, B 4 C, B 2 O 3 and alloying elements were blended and melt in a nonconsumable vacuum arc-remelting furnace. The ingots were melted at least three times in order to ensure the chemical homogeneity of the composites. Considering the oxygen in the matrix, only 80% calculated B 2 O 3 powders were added.
Samples for optical microscopy (OM) were directly cut from the ingots. Then the samples were prepared using conventional techniques of grinding and mechanical polishing. The samples were etched in Kroll's reagent (composition: 1-3 mL HF, 2-6 mL HNO 3 , 100 mL water). D-max 2550V X-ray diffractometer (XRD) was used to study the phases in the composites and JSM-6700F scanning electron microscopy (SEM) was used to examine the microstructures of the composites.
Samples for TEM experiment were prepared as follows: Firstly, the samples were cut from the casting ingot. Secondly, the samples were thinned to 100 um by polishing with SiC paper. Thirdly, the samples were punched to discs with a diameter of 3.0 mm. Then the disc samples were dimple ground to 20 um in thickness. Finally, the disc samples were further thinned by argon ion milling (Gatan) with an incident angle of 6 deg until perforation occurred. TEM analysis was performed on a JEM 2010 transmission electron microscope operated at 200 KV.
The tensile specimen were cut into flat plates from composites ingots in gauge dimension of 8 Â 3:2 Â 1:3 mm. Tensile testing was carried out on Japanese SHIMADZU materials testing machine with the strain rate 10 À2 s À1 . The samples were heated at the rate of 15 K/min and the temperature was hold for 10 minutes before testing. Philips SEM 515 was used to study the fracture surfaces of tensile specimen.
Results and Discussion

Thermodynamic calculation
The Gibbs free energy ÁG of reaction (1) above has been calculated using the thermodynamic data from reference. 23) The results are shown in Fig. 1 . The calculation results show that the ÁG of reaction (1) is negative, which indicates that the reaction is liable to take place. Thus it is feasible to synthesizing (TiB+TiC+Nd 2 O 3 )/Ti composites through the reaction between Ti, B 4 C, Nd and B 2 O 3 . Figure 2 shows the X-ray diffraction patterns of the matrix alloy and (TiB+TiC+Nd 2 O 3 )/Ti composites. It was found that there were Ti, TiC, TiB and Nd 2 O 3 phases in the titanium matrix composites while there was only Ti phase in the matrix alloy. No other phases occur. From Fig. 2 , it can be concluded that TiB, TiC and Nd 2 O 3 were in situ synthesized through the reaction among Ti, B 4 C, Nd and B 2 O 3 , and there were no other reaction products.
Phases identification
Microstructure examination
Figure 3(a) shows the optical micrographs of (TiB+TiC+ Nd 2 O 3 )/Ti composites. It was found that the reinforcements were homogeneously distributed in the matrix and there were mainly two kinds of shapes: particles and whiskers. According to our previous work and others' work, 14, [24] [25] [26] TiB is easily to grow at [010] direction and grows into whisker shape because of its B27 crystal structure. TiC is easily to grow into near-equiaxed particle due to its NaCl-type structure.
27,28) Nd 2 O 3 has CaF 2 type crystal structure at room temperature and has Mn 2 O 3 type crystal structure at high temperature, 8, 9, 29) which is high symmetric structure. Thus, when Nd 2 O 3 nucleates at high temperature, the growth rate in symmetric crystal planes is similar, leading to the formation of spherical particle. In order to distinguish Nd 2 O 3 from TiB and TiC, back-scattered electron scanning microscopy was used. The image was shown in Fig. 3(b) . The atomic weights of Nd 2 O 3 , TiB and TiC are 336, 59 and 60, respectively. The atomic weight of Nd 2 O 3 is much higher than those of TiB and TiC, so Nd 2 O 3 reinforcements exhibit white while TiB and TiC reinforcements exhibit black in the backscattered electron image. Thus, it can be observed from Fig. 3(b) that Nd 2 O 3 reinforcements were white near-equiaxed particles, 
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G (kJ/Mol) ∆ TiB reinforcements were dark whiskers and TiC reinforcements were dark near-equiaxed particles. They were homogeneously distributed in the matrix. In order to further examine the microstructures of reinforcements, field emission SEM combining energy spectrometer was carried out on the composites as shown in Fig. 4 . The results show that TiB grows into not only whisker (Fig. 4(a) ) but also plate (Fig. 4(b) ). Nd 2 O 3 and TiC both grow into near-equiaxed particles, but some Nd 2 O 3 particle heterogeneously nucleate with the TiC nucleus as shown in Fig. 4(d) . The heterogeneously nucleation mainly attributes to the melt point difference between TiC, TiB and Nd 2 O 3 , which are 3433, 2473 and 2545 K, respectively. Since reinforcements were all in situ formed from parent matrix during solidification, TiC with the highest melt point was easy to form in priority. With the further decreasing of temperature, Nd 2 O 3 and TiB formed then. Furthermore, heterogeneously nucleation needs less activation energy than uniformly nucleation, oxygen atom is easy to diffuse along interface and Nd atom is very easy to react with oxygen. These three reasons lead to the heterogeneously nucleation of Nd 2 O 3 with TiC nucleus. Figure 5 shows the TEM images of Nd 2 O 3 particles. It was found that some Nd 2 O 3 particles with the diameter around 200 nm dispersed in the matrix and arrayed along the grain boundary of matrix alloy like a necklace (shown in Fig. 5 ) besides the micron-size Nd 2 O 3 particles (shown in Fig. 3) . The different sizes of Nd 2 O 3 particles owned to their different formation mechanism. Since Nd is very chemical active, it is very easy to react with oxygen leading to the formation of primary Nd 2 O 3 particles with micron-size. But Nd has a solution ability of around 2% atomic percentage in -Ti phase according to Ti-Nd phase diagram. Some Nd atoms could be saturated into -Ti phase during remelting. But Nd's solution ability in -Ti phase is much lower than that in -Ti phase. Thus, Nd atoms precipitated from -Ti phase during the phase transformation of matrix titanium and captured the oxygen atoms inside the Ti crystal resulting in the formation of nano-sized Nd 2 O 3 particles. Figure 6 shows the stress-strain curves of tensile experiments of the matrix alloy and the (TiB+TiC+Nd 2 O 3 )/Tialloy composites at 873, 923 and 973 K. It can be found that in situ incorporation of TiB, TiC and Nd 2 O 3 reinforcements greatly improved the high-temperature tensile strength of matrix alloy while decreased the plasticity. The mechanical properties of the matrix alloy and the composites were listed in Table 2 . With the temperature increasing, the improvement on strength decreases while the plasticity increases. The improvement on strength may attribute to the load undertake of TiC, TiB and Nd 2 O 3 particles and the dispersion strengthening of nano-sized Nd 2 O 3 particles.
Mechanical properties
In our previous work, in situ synthesized TiB whiskers, TiC particles and Nd 2 O 3 particles were found to have clear and fine interfacial bonding with the titanium matrix, 9, 20, 26) particularly TiB and Nd 2 O 3 which had certain crystal relationships with the matrix titanium. Good interfacial bonding can promote load transfering from matrix alloy to the reinforcements during tensile testing, which is beneficial to the mechanical properties. The effects of reinforcements on the tensile strength of composites could be expressed using existing micromechanical models developed by Cox 28) and modified by Nardone and Prewo, 30, 31) which were used to calculate the yield stress of composites reinforced with shortoriented whiskers and particles. Combining the rule-ofmixture of composites, the yield stress of (TiC+TiB+ Nd 2 O 3 )/Ti composites can be expressed as following:
Where m is the strength of matrix alloy, V is the volume fraction, l/d is the whisker aspect ratio, L is the length of the particle perpendicular of the applied stress, A is the particle aspect ratio. In addition, the dispersion of nano-sized Nd 2 O 3 particles in the matrix could resist the motion of dislocation and increase the density of dislocations. Moreover, the nano-sized Nd 2 O 3 particles arrayed along the grain boundary of the matrix alloy could increase the strength of the grain boundaries at elevated temperature, which contributed to the improvement on strength of the composites at elevated temperature. Furthermore, oxygen was found to be harmful to the mechanical property of titanium alloy at elevated temperature. 32) Addition of Nd decreased the oxygen content in the matrix, which could reduce the oxygen's damage on mechanical properties.
With the temperature increasing, the matrix alloy was softened while the TiB, TiC and Nd 2 O 3 reinforcements kept hard and thermal stable. So the interfacial bonding turned weak because of the stress concentration on the interface with the temperature increasing, which made it difficult for load to be effectively transferred into the reinforcements. Therefore, the improvement on strength decreased with the temperature increasing. But the nano-sized Nd 2 O 3 particles dispersed in the matrix and arrayed along the grain boundary could dispersion strengthen the composites and strengthen the grain boundary with the temperature increasing, which kept improving the strength of the composites at 973 K. Figure 7 shows the SEM images of fracture surfaces of the (TiB+TiC+Nd 2 O 3 )/Ti composites at 873 K, 925 K and 975 K, respectively. In the fracture surfaces, obvious dimples in matrix were observed, which indicated the fracture mode of the composites was plastic fracture. Furthermore, in the fracture surfaces of (TiC+TiB+Nd 2 O 3 )/Ti-alloy composites, cracked reinforcements could be observed as marked out with dark arrows, which indicated that the reinforcements undertook loading during tensile experiments and the cracked reinforcements led to the fracture of the composites. With the increasing of temperature, TiB reinforcements became less cracked and more integrate and the cleavage between the reinforcement and the matrix became bigger. From current knowledge, it was elucidated that the TiB reinforcements turn from cracking to debonding with the temperature increasing. 
Conclusion
